In vivo screening of phage libraries in tumor-bearing mice has been used to identify peptides that direct phage homing to a tumor. The power of in vivo phage screening is illustrated by the recent discovery of peptides with unique tumor-penetrating properties. These peptides activate an endocytic transport pathway related to but distinct from macropinocytosis. They do so through a complex process that involves binding to a primary, tumor-specific receptor, followed by a proteolytic cleavage, and binding to a second receptor. The second receptor, neuropilin-1 (or neuropilin-2) activates the transport pathway. This trans-tissue pathway, dubbed the C-end Rule (CendR) pathway, mediates the extravasation transport through extravascular tumor tissue of payloads ranging from small molecule drugs to nanoparticles. The CendR technology provides a solution to a major problem in tumor therapy, poor penetration of drugs into tumors. Targeted delivery with tumor-penetrating peptides has been shown to specifically increase the accumulation of drugs, antibodies and nanotherapeutics in experimental tumors in vivo, and in human tumors ex vivo. Remarkably the payload does not have to be coupled to the peptide; the peptide activates a bulk transport system that sweeps along a drug present in the blood. Treatment studies in mice have shown improved anti-tumor efficacy and less damage to normal tissues with drugs ranging from traditional chemotherapeutics to antibodies, and to nanoparticle drugs.
directed) targeting). There are numerous targets in tumors, both in tumor blood vessels, and on tumor cells and stromal cells within tumors. Examples include certain integrins, fibrin deposits, and tumor antigens, such as prostate specific membrane antigen (PSMA) and carcinoembryonic antigen (CEA). The targeting ligand used can be an antibody, a peptide or a natural ligand of a receptor preferentially expressed in tumors (e.g. the folate receptor). The rationale of synaphic targeting is that a drug coupled to a targeting ligand will preferentially accumulate in the tumor, resulting in greater activity and fewer side effects elsewhere in the body [1, 2, 3] . Despite this simple rationale and vast amount of preclinical work, progress in bringing targeted compounds into the clinic for the treatment of solid tumors has been slow. The new tumor-penetrating peptides may overcome some of the limitations of the targeting technology; they deliver drugs deep into tumor tissue and enable enhanced drug delivery even without coupling of the drug to the peptide. This review focuses on the discovery of tumor-penetrating peptides, their mechanism of action, and their use in drug delivery.
Discovery of tumor-penetrating peptides

In vivo phage display screening for peptides
Phage display makes use of libraries of peptides that are expressed at the surface of a phage particle, such that each phage particle expresses one peptide, and the whole library typically contains up to 10^9 different peptide sequences. The phages carrying a peptide with the desired activity are selected from the library based on their ability to bind to the desired target (unfortunately, functional screens are not possible). Sequencing the part of the phage DNA that encodes the peptide then allows identification of the peptides. In vivo phage library screening follows the same principles, but the screening is done in live animals, selecting for phages that accumulates at the desired target tissue [4, 5] . The in vivo screening has a built-in negative screen in that phages that bind indiscriminately will not significantly accumulate at the target tissue because they will also bind somewhere else. This circumstance gives an advantage to those phages that only bind at the target tissue. Because the phages are a nanoparticle (T7 phage, diameter~40 nm; filamentous phage dimensions, 6 nm × 900 nm), they do not readily penetrate beyond the vascular wall, and in vivo phage screening mostly probes the vasculature. Indeed, the method has revealed so much molecular heterogeneity in the vasculature of normal and diseased tissues that we have coined the term "vascular zip codes" for it [2] .
Tumor blood vessels are morphologically and molecularly quite different from normal blood vessels [1] , and lymphatic vessels in tumors differ from normal lymphatic vessels [6, 7] . In vivo phage screening has uncovered many of these differences, and this method has also produced the first tumor-penetrating peptides, which are the topic of this review.
Using an in vivo screening procedure designed to probe tumor lymphatic vessels, we identified a peptide that specifically accumulated in tumor lymphatics and not in normal lymphatics [6] . We now know that this peptide, LyP-1, primarily accumulates in a myeloid cell/macrophage in tumors, when intravenously injected into tumor-bearing mice. Some of these cells incorporate into tumor lymphatics, causing LyP-1 accumulation in the endothelium of these vessels [8] . Endothelial cells of tumor blood vessels and tumor cells also bind LyP-1, but much less of the peptide accumulates in these cells than in tumor macrophages. The macrophages are particularly abundant in hypoxic areas of tumors, which are low on blood vessels but contain abundant, albeit dysfunctional lymphatic vasculature [9] . Remarkably, the phage carrying the LyP-1 peptide reaches these areas within minutes of systemic injection. The ability of this peptide to reach poorly vascularized parts of tumors remained a mystery for several years, until we discovered another peptide with similar tumor-penetrating properties, and set out to uncover the underlying mechanism.
The new peptide, iRGD, was identified in a screen for peptides that home to tumor metastases [10] . It is a 9-amino acid cyclic peptide (sequence: CRGDKGPDC). iRGD has the integrin-binding RGD motif, but it was immediately obvious to us that this peptide was different from standard RGD peptides; the iRGD phage and the free iRGD peptide spread much more extensively into extravascular tumor tissue than other RGD peptides, which tend to accumulate only around tumor vessels.
Molecular basis of iRGD activity and the CendR motif
The iRGD peptide homes to tumors and accumulates in them through a 3-step process ( Fig. 1) : First, the integrin-binding RGD sequence motif binds to αvβ3 and αvβ5 integrins, which are specifically expressed in tumor endothelial cells. Other cells in tumors also express these integrins, which is likely to be important for the spreading of the peptide within tumor tissue, but the vascular endothelium is the gateway to the tumor for the peptide. Second, a protease cleavage event activates the CendR motif (R/KXXR/K). This protease(s) has not been identified, but is likely a furin or furin-like enzyme because the CendR motif is a preferred recognition motif for these proteases. In principle, any protease that cuts after a basic residue can activate iRGD. We have used trypsin and urokinase in vitro for this purpose [11] . The protease cleavage requires the integrin binding; a peptide that has the CendR motif but does not bind to integrins (CRGEKGPDC) is not activated. The requirement for integrin binding limits the activation of iRGD to tumors. Third, the CendR motif binds to neuropilin-1 (NRP-1) or neuropilin-2 (NRP-2), and the interaction activates an endocytotic/exocytotic transport pathway named the CendR pathway [10, 11] . This pathway is responsible for the enhanced transport of drugs into tumors triggered by iRGD.
Family of tumor-penetrating CendR peptides
Examination of the amino acid sequence of LyP-1 (CGNKRTRGC) shows that it also contains a CendR motif, and this peptide also uses the CendR pathway [12] . The primary receptor for LyP-1 is a mitochondrial protein p32/gC1qR/HABP, which acts as a chaperone in the mitochondrial oxidative phosphorylation pathway [8, 13, 14] . For reasons that are not understood, p32 is expressed at the cell surface in highly activated cells, such as tumor endothelial cells, tumor macrophages, and tumor cells, whereas it remains intracellular in normal cells [8] . A truncated form of LyP-1 (CGNKRTR; tLyP-1) is also a tumor-specific CendR peptide, even though it has an active CendR motif [12] . Although RGD peptides with a basic residue following the RGD motif bind poorly to integrins [15] , a peptide resembling the CendR fragment of iRGD (RGDK) has been reported to selectively home to tumors [16] . Generally, such peptides, (e.g. RPARPAR) home to all tissues, the lungs in particular, because NRP-1 is expressed in all vessels, not just tumor vessels [11] . It may be that a combination of over-expression of neuroplin-1, which is common in tumors [12, 17] with even weak binding to a tumor-specific component, can render a peptide partially selective for tumor homing. tLyP-1 may be a useful peptide with characteristics complementary to those of iRGD.
Having determined the salient properties of the tumor-penetrating CendR peptides, we designed such a peptide de novo; we converted a cyclic peptide with an NGR tumor-homing motif into a cryptic CendR peptide by adding and arginine residue to create the CendR motif RNGR [18] . These examples above show that tumor-penetrating CendR peptides can bind to different primary receptors and then converge to the CendR pathway through NRP-1 binding. Two other tumor-homing peptides from our phage library screens, F3 (KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK; [19] and CRGRRST [20] also contain potential CendR sequences (underlined). Whether these peptides actually act as CendR peptides has not been determined, but at least F3 shows internalization into cells [19] and has been used to target an oligonucleotide therapeutic into tumors [21] .
Hajdin et al. [22] used combined in vitro/in vivo screening of 12-amino acid phage libraries to identify peptides that specifically homed to rhabdomyosarcomas. The resulting peptides contained an RXKK or RXRR motif. The authors went on to show that these peptides bound to the protease furin on the tumor cells. As discussed above, furin is the enzyme likely to process cryptic CendR peptides into active, NRP-1-binding peptides, and Hajdin et al. speculated that the furin binding may have been an intermediate step in a CendR conversion, but did not test that possibility. These results suggest that the binding of tumor-penetrating CendR peptides to furin or a furin-like protein convertase may contribute to the tumor homing, at least in cells that express high levels of such proteases.
It would be potentially useful to have small molecular weight CendR compounds with drug-like chemistry. Such compounds would be more durable in vivo than peptides and could pave the way to targeted drugs that could be taken orally, rather than having to be injected. Screening of chemical libraries may be a way of identifying lead compounds toward this goal, and first efforts in this direction have been made. Our laboratory has screened for compounds that bind to the LyP-1 receptor, p32 [23] . Two compounds appeared to be specific, binding to the same site in p32 as LyP-1. One of them was studied in more detail and passed multiple validation tests, including being able to direct nanoparticle homing to tumors (Fig. 2) . As expected of a compound that binds to p32, but lacks CendR properties, it did not seem to endow the nanoparticles with significant tumor-penetrating properties. It may be possible to construct compounds that fully recapitulate the tumor homing and penetrating activities of LyP-1 by combining the p32-binding compound with one that binds to NRP-1, perhaps with a self-immolating or chemically cleavable linker in between. Analogous chimeric compounds employing one of the many RGD-type compounds available with an NRP-1 binder could produce an iRGD mimic. The peptide binds to a primary receptor on tumor endothelium. In iRGD, the RGD motif recognizes the αvβ3/αvβ5 integrins; the primary receptor for the LyP-1 family of peptides is p32/ gC1qR. (ii) The peptide is then cleaved by proteases to expose the cryptic CendR element, R/KXXR/K, at the C-terminus; and, (iii) the CendR element mediates binding to neuropilin-1 (NRP-1), inducing vascular and tissue permeability. See the text for details. Note that CendR effect enhances the tissue penetration of molecules (depicted here as a black dots) that are co-administered with the peptide [25] , as well as of cargo coupled to the peptide [10] . The inset shows an electron microscopic image of a CendR endocytic vesicle that is budding from the cell surface into the cytoplasm and contains CendR peptide-coated gold nanoparticles (dark dots) (see [24] ). , FAM-LyP-1, or FAM-labeled inert control peptide. The NWs were allowed to circulate for 5 h, the mice were perfused through the heart with PBS, and tumors were collected and sectioned, Confocal images of the tumors are shown (green, NWs; red, the receptor, p32; blue, nuclei). Scale bar = 100 μm.
The CendR pathway
The cell biology of the CendR pathway
The CendR pathway has been partially characterized. The pathway starts with an endocytosis step that is distinct from all known endocytosis pathways. The CendR endocytic vesicles most closely resemble macropinocytotic vesicles, but unlike classical macropinocytosis, the CendR pathway is receptor (neuropilin)-initiated [24] . Another significant difference to macropinocytosis is that the CendR pathway is primed for increased activity by nutrient deprivation of cells and tissues and is less responsive during abundant nutrient availability. The nutrients exert their effects on the CendR pathway through the central nutrient sensor mTOR. The mTOR regulation of the CendR pathway appears to be mostly mediated through regulation of NRP-1 expression in cells. While nutrient deficiency primes the pathway to greater activity, the actual activation of the pathway still needs to be triggered through NRP-1. These findings suggest a physiological role in supporting the survival of tissues at times of poor circulation. One corollary of the mTOR regulation of CendR is that iRGD may not be optimally active in delivering drugs to tumors with high level of mTOR activity. Combining iRGD with the mTOR inhibitor rapamycin would likely boost the efficacy of CendR-based delivery in these tumors, as rapamycin has been shown to increase the activity of the CendR pathway [24] .
The endocytic vesicles that form when the CendR pathway is triggered are large, with an average diameter of about 200 nm, and can accommodate a considerable volume of extracellular fluid. If that fluid contains a drug, it will be swept into the pathway, and payloads as large as nanoparticles also readily find room in these vesicles. This circumstance explains the remarkable feature of the CendR system is that, in addition to covalently attached payloads, it will transport payloads co-administered with the peptide, but not attached to it (the "by-stander effect"). As discussed below, a number of laboratories have used iRGD is this manner to enhance drug delivery in preclinical studies [25, 26, 27, 28] .
The spreading of iRGD payloads in tumor tissue implies delivery of the payload from one cell to another. CendR is an active transport pathway; it requires energy and is much faster in tissue than what could be explained on the basis of diffusion [25] . Cell-to-cell transport of CendR cargo has been directly demonstrated in cultured tumor cell and endothelial cell spheres [24] . However, while the initial endocytic process is fairly well understood, little information is available on the route and molecular mechanisms of the cell-to-cell transport. Exosomes released from cells that have taken up CendR payload contain the payload, suggesting exosome transport as a mechanism for the cell-to-cell transport. Silver nanoparticles were transported from one cell to another even in the presence of a membrane-impermeable compound that dissolves the nanoparticles, which agrees with the notion that the CendR payload is protected by a biological membrane, such as that of exosomes. Another interesting possibility, entirely speculative at this point, is transport through micro-or nanotubes. It has been shown that tumor cells form tube-like conduits among themselves and to endothelial cells, and that that cellular macromolecules can be transported from one cell to another through these conduits [29, 30, 31] . The transport though these tube conduits has been found to be more effective than exosome transport, at least over short distances [30] , so this mechanism could explain the effectiveness and speed of the trans-tissue transport by the CendR pathway [25] .
Cell-penetrating peptides and the CendR pathway
The relationship between the tumor-penetrating peptides and the so-called cell-penetrating peptides deserves comment. Peptides that are internalized into cells are commonly referred to as cellpenetrating peptides. There are two main classes of such peptides: hydrophobic and cationic. The cationic peptides include the prototypic cell-penetrating peptides Tat and penetratin [32, 33, 34] . A herpes virus protein, VP22, has been shown to be capable of both entering and exiting cells [35, 36] and resembles the tumor-penetrating peptides in this regard. Whether the other cell-penetrating peptides possess this tissue-penetrating function is unclear. A major limitation of these peptides as delivery vehicles is that they are not selective; they enter into all cells.
The cationic cell-penetrating peptides, including Tat, are rich in basic amino acids and typically contain one or more CendR sequence motifs. Thus, they could potentially use the CendR pathway in cell entry. The Tat peptide is commonly used in payload delivery into cells both in the natural L-configuration and as a D-amino acid peptide. Other variations include extensions at the N-and C-termini of the peptide. Tat peptide that carries a small molecular weight payload, such as fluorescein, enters cells in a manner that may involve direct penetration through the cell membrane, whereas Tat with a macromolecular or nanoparticle payload uses an endocytic pathway [24, 37] The entry is generally considered to be heparan sulfate dependent; cells lacking heparan sulfate do not take up Tat, and an excess of free heparan sulfate inhibits the uptake [38, 39] . Whether the CendR pathway plays a role in cellular uptake of other cell-penetrating peptides containing cryptic CendR motifs, such as penetratin, remains to be determined. A heparan sulfate-binding peptide can also be cell type and tumor specific [40] .
Pang et al. [39] have compared the CendR peptide and Tat entry mechanisms for macromolecular cargo. The minimal Tat peptide, YGRKKRRQRRR-COOH, has a potential CendR motif at its C-terminus. The L-variant, when linked to a protein or nanoparticle cargo, can use either the heparan sulfate or CendR pathway, depending on which receptors are available. Blocking the C-terminus with even only an amide group abolishes Tat entry to the CendR pathway. D-Tat with the same sequence does not bind to NRP-1 and does not take nanoparticles into the CendR pathway; its entry into cells is entirely heparan sulfate dependent. Conversely, the typical CendR peptides, which do not bind to heparan sulfate, only enter the CendR pathway. The endocytic vesicles containing CendR or heparan sulfate pathway cargo are morphologically similar, but only the CendR pathway is regulated by nutrient availability to cells and tissues. Thus, these two endocytic pathways are distinct. The ability of L-Tat to use either pathway should be taken into account in interpreting result obtained with this peptide.
Heparan sulfate is a ubiquitous cell surface constituent, and consequently, Tat and other cationic cell-penetrating peptides enter most types of cells. The CendR receptor, NRP1, is also widely expressed, but is often over-expressed in tumors, and active CendR peptides have been used in tumor targeting [41, 42, 43] . As discussed above, greater tumor specificity is achieved by employing one of the tumorpenetrating peptides, in which the NRP-1 binding CendR motif is cryptic and activated only after a different motif directs the peptide to tumors. A similar approach has been used to direct cell-penetrating peptides to tumors. Somewhat surprisingly, a tandem peptide composed of a cellpenetrating peptide and a tumor-homing peptide has in two instances been shown to have taken on the specificity of the tumor-homing peptide [44, 45] . In another strategy, the cell-penetrating activity of a Tat-like peptide, poly-arginine, was blocked by attaching to it a string of negatively charged amino acids through linker. The linker included a cleavage site for a metalloprotease highly expressed in tumors or was susceptible to chemical cleavage in the tumor environment [46, 47] . Cleavage of these tandem peptides caused dissociation of the blocking sequence, activating the cell-penetrating properties of the poly-arginine part. Adding a tumor-homing sequence (RGD) to the construct further increased the tumor specificity [48] . It is not clear whether these retargeted cell-penetrating peptide constructs have any tumorpenetrating properties.
Ren et al. [49] used a tandem peptide consisting of LyP-1 (or iRGD) as a tumor-penetrating peptide and transportan to provide cellpenetrating properties. The peptide was further modified with a lipid tail to enable assembly of the peptide-lipid into micellar nanocomplexes with siRNA, and to enhance endosomal escape of the siRNA. Targeted nanocomplexes containing siRNA against Id4 protein inhibited the growth of intraperitoneal ovarian cancer tumors when injected locally, and even systemic delivery of the nanocomplexes was effective. Thus, cell-penetrating and tumor-penetrating peptides can complement one another's activities; cell-penetrating peptides are more effective in endosomal escape, whereas CendR peptides provide target specificity and tissue penetration. The target specificity can include subcellular targeting; LyP-1 and other p32-binding peptides take their payload to the mitochondria of the target cells [50] , a feature that has been made use of in delivering a pro-apoptotic peptide that acts on mitochondria into tumors (discussed in the next section).
4. Tumor-penetrating CendR peptides in drug delivery: general considerations
Advantages in drug delivery
Drugs typically penetrate only few cell diameters from blood vessels into extravascular tumor tissue, and as a result, parts of the tumor receive ineffective concentrations of the drug or even no drug at all [51] . The tumor cells in these parts of the tumor stay viable, and those cells exposed to low drug concentrations are likely to development resistance to the drug. Tumor-penetrating peptides address this issue. They improve drug delivery in two interdependent ways [25] : First, they increase the drug concentration in the tumor by facilitating extravasation and tumor-penetration of a drug, while drug concentration in other tissues remains unaltered. Second, they improve the distribution of the drug within the tumor. As a result the efficacy of chemotherapy is improved.
The main reasons for the poor penetration of drugs into tumors are two-fold. First, the tumor microenvironment is characterized by a dense connective tissue stroma that creates a physical barrier to the penetration of anti-cancer drugs into tumor tissue. Pancreatic cancer is an example of a tumor that typically contains abundant stroma, which is thought to be a main factor in the resistance of these tumors to chemotherapy. Second, tumors have a high interstitial pressure, presumably because their blood vessels tend to be leaky and their lymphatic vessels are poorly functional. As a result, fluid flow is away from the tumor, and that works against penetration of drugs into the tumor [52, 53] . Penetration into tumor tissue is a particularly significant issue with nanoparticle drugs (Section 5). The improved activity and penetration of drugs delivered with a tumor-penetrating peptide can be made use of to improve efficacy of the standard drug dose, or one can attenuate side effects by reducing the dose.
Drug delivery with tumor-penetrating peptides may also overcome existing resistance to the drug. Administration of nab-paclitaxel (Abraxane) nanoparticles together with iRGD or with iRGD coupled to the nanoparticle surface was in both cases effective in a breast cancer xenograft model (BT474), which is essentially resistant to paclitaxel [25] . A possible reason is that the targeted drug enters the cells by a different route (endocytosis) than the non-targeted drug, which enters directly through the cell membrane [54, 55] .
Another major advantage of tumor-penetrating peptides is their ability to promote tumor entry and accumulation of compounds that are not conjugated to the peptide (by-stander effect). This effect is useful in a number of ways: First, it is not necessary to create a new chemical entity to target a drug by CendR peptide co-administration, as is the case when a drug is coupled to the targeting element. This greatly simplifies the path to clinical application; when the drug to be targeted is already clinically approved; only the peptide has to be validated. Second, the by-stander effect provides a way of circumventing a major limitation of synaphic targeting, the fact that the amount of any given receptor in a target tissue is usually quite low. As a consequence, the amount of drug that can be actively targeted is also low. Measurements show that the total amount of two commonly used target receptors, αv integrins and Her2, is in the order of 200 pmol per gram of a typical tumor [56] . This number is close to the number (170 pmol) one would get by assuming that a gram of tumor tissue contains 10 9 cells, and that they on the average express an average of 100,000 receptors per cell. Moreover, only a fraction of the total receptor is available to the targeting ligand, between 5 and 10% in the case of the two receptors measured. Most drugs require a tissue concentration substantially higher than a few pmoles per gram of tissue, even taking into account the fact that the targeted drug conjugate is more effective than the free drug. Thus, only a limited amount of a covalently coupled drug may benefit from the targeting. Third, the by-stander effect makes it possible to use the peptide and drug at their optimal concentrations, because the targeted receptor is only used to activate the CendR transport pathway, which then transports the drug into the tumor. Because of these advantages, we are focusing our efforts on bringing iRGD into the clinic in the co-administration mode. A similar effort on LyP-1, however, uses the conjugate approach because the by-stander effect of LyP-1 seems to be weaker than that of iRGD (unpublished results). The LyP-1 project uses nanoparticles, which offer their own advantages in drug targeting as discussed in Section 5.
Pharmacokinetics considerations
The by-stander effect of intravenously injected iRGD is short-lived; it peaks at 15-30 min after intravenous injection of the peptide and is largely gone at 1 h [25] . The main reason for the short duration appears to be the short half-life of the peptide in the blood, about 8 min [24] . Engineering a free sulfhydryl (-SH) group into the peptide (e.g. by adding an extra cysteine residue) can be used to prolong the half-life of iRGD [24] Once the peptide with the free sulfhydryl group is injected into the circulation, the sulfhydryl forms a disulfide bond with a sulfhydryl in albumin, nearly tripling the half-life of the peptide to 22 min. However, the bystander effect required a linker between the peptide and the albumin molecule, presumably to eliminate steric hindrance by the albumin molecule of the receptor binding. There is a parallel increase in the duration of the bystander effect and effectiveness of drug delivery. The gains in half-life and activity are not inline with the halflife of albumin, which is several days. The likely reason is that the bond to albumin is labile. It will be interesting to see if other ways of extending the iRGD half-life will provide further gains. One possibility is to couple the peptide onto the surface of long-circulating nanoparticles or incorporate it into a dendrimer. Nanoparticle-coupled iRGD is more effective in inhibiting metastasis than an equivalent amount of free iRGD peptide [57] . The half-life may be less of a problem in human patients than in mouse experiments, because the logistics of prolonged infusion or multiple injections are much easier.
The efficacy of the iRGD-enhanced co-administration effect can be high, 7-40-fold when measured within 1-3 h after intravenous singledose administration of the drug [25] . The effect persists in mouse experiments for at least 3 weeks, but ultimately becomes about 3-fold, and the same difference is seen in the improvement of the therapeutic index. The degree of iRGD enhancement appears to be the same for a small molecular weight drug (doxorubicin) and a nanoparticle drug (Abraxane, Doxil), again indicating an active transport process. It should be noted that if the EPR effect contributes to the tumor accumulation of these nanoparticle drugs, the nanoparticle alone control includes that effect, and the inclusion of iRGD in the treatment regimen provides a further increment to the tumor accumulation and anti-tumor activity of the drug.
Tumor-penetrating peptides have also been used locally, as an intratumoral injection, to promote the spreading and cellular uptake of pro-apoptotic protein-iRGD fusion protein [58] and intraperitoneally to promote doxorubicin uptake into peritoneal carcinomatosis tumors [59] . These results show that the entry of iRGD and its payloads into tumors does not have to start with the vasculature as the entry point, as is the case when the peptide is injected into the circulation.
An important question is how to determine which tumors are likely to be responsive to therapy augmented with a tumor-penetrating peptide. One possible answer is to determine the expression levels of the relevant receptors (αv integrins and NRP1 for iRGD). The expression of αvβ3 integrin is associated with angiogenesis, which is a very early event in tumorigenesis, and primary and metastatic tumors are generally positive for αv integrins [60] . The level of NRP1 expression is clearly critical to the efficacy of the CendR transport [24] , and Akashi et al. [26] , found a correlation between NRP-1 expression level in pancreatic adenocarcinoma tumor cells and the responsiveness of the tumor to iRGD. Interestingly, they also found that high NRP-1 expression correlated with poor prognosis in clinical patients, suggesting that iRGD might be most useful in the worst cases. Another tumor-penetrating peptide, LyP-1, which uses cell surface-expressed p32 mitochondrial protein as its primary receptor [8] , also recognizes the entire spectrum of lesions in tumorigenesis,from the premalignant lymphatic niche to metastatic tumors [6, 61, 62] .
The use of a marker such as NRP-1 is complicated by the fact that multiple cell types, including endothelial cells, fibroblasts, macrophages and tumor cells all express the relevant receptors, including NRP-1, and it is not clear what their relative importance is in the CendR transport process and as targets of the transported drug. For example, even if the endothelium is the only sensitive cell type in a tumor, substantial augmentation of anti-tumor therapy may be obtainable through vascular disruption. Moreover, the functioning of the CendR transport system requires a complex set of proteins that may or may not be expressed in a given tumor cell. For example, cells that lack the NRP-1-interacting cytoplasmic protein, GIPC1 do not take up CendR cargo, regardless of NRP-1 expression [24] . Imaging the iRGD effect in a patient before the start of therapy may be the best way of predicting response, as was done by Schmithals et al. [28] . These authors also showed, by analyzing mouse hepatocellular carcinomas ex vivo, that iRGD increased the inhibitory effect of sorafenib on cellular phosphorylation in the tumors. As new imaging methods become available, it may be possible to image such target engagement, and the effect of iRGD on it, in vivo.
On-target side effects
Potential side effects of targeted drugs, including those targeted with tumor-penetrating peptides deserve comment. Tumor-homing probes are generally not entirely specific for tumors; they are likely to bind to a small extent to normal tissues. Thus, deleterious effects on normal tissue may be revealed in toxicology analyses. However, a greater concern is that various disease processes cause up-regulation of the very target molecules employed in tumor targeting. The laboratory animals used in experiments are young and generally healthy, whereas human cancer patients are likely to suffer from other ailments, which can also become targets for the anti-cancer treatment. For example, many tumortargeting probes bind to molecules that are up-regulated in angiogenesis, which is shared by some non-malignant conditions, including wound healing and inflammation. The molecular changes in nonmalignant and tumor-associated angiogenesis have been reported to be different [63] but the differences are likely to be quantitative rather than absolute. Another example deals with the tumor-penetrating peptide LyP-1 and other p32-binding peptides. LyP-1 effectively and specifically homes to atherosclerotic plaques [64, 65] . Thus, a drug conjugated to this peptide should first be shown not to damage atherosclerotic vessels. It may not be too difficult to select a cancer drug that is compatible with, or even beneficial in another disease of a patient. For example, paclitaxel is used in preventing restenosis after angioplasty and methotrexate in treating some inflammatory diseases.
Tumor-penetrating nanoparticles
The use of nanoparticles (NPs) in medicine is receiving increasing attention. The first NP drugs are already in the clinic. Examples among cancer therapeutics include Abraxane, which is a NP composed of albumin-paclitaxel complexes, and liposomes loaded with doxorubicin (Doxil). However, these NPs are essentially passive drug delivery vehicles that do not fully exploit the potential of NPs. These clinically approved formulations primarily reach tumor tissue through nonspecific mechanisms, such as the enhanced permeability and retention (EPR) effect [66] . Nanoparticle drugs can be readily engineered to carry out additional functions that improve performance. One such function is targeted delivery. Tumor-penetrating peptides are particularly suitable for NP delivery by surface coupling. First, internalization of the peptide and its payload into cells in the tumor makes tumor homing more effective [9, 67, 68] . Second, these peptides can take a NP payload into the cytoplasm, which is critical, for example, in the delivery of nucleic acid-based therapeutics. Third, tumor-penetrating capabilities can enhance NP extravasation and spreading in tumor tissue. NPs, because of their size are particularly prone to be excluded from difficult-to-access parts of tumors [69] and the peptides can mitigate this problem. On the other hand, NPs are a particularly favorable cargo for homing peptides, including tumor-penetrating peptides, because multivalent presentation on the NP surface makes up for the relatively low affinity of the peptides through the avidity effect, enhancing receptor binding [2] . Moreover, drugs coupled to the surface of NPs may benefit from a similar effect. This property of NPs was made use of in designing a tumor-penetrating nanosystem that delivers as a drug a pro-apoptotic peptide, the activity of which is enhanced by a factor of 100-300 by the presentation on the surface of the NPs [50] . Other features of the nanosystem include a tumor-homing peptide that takes the proapoptotic drug peptide inside the target cells in the tumor and all the way to the mitochondria, which is where the pro-apoptotic peptide acts. Finally, iRGD given separately provides a tumor-penetrating function to the nanosystem This system has given impressive treatment results in glioblastoma [50] mouse models (Fig. 3 ). An inherent functional activity of a tumor-homing peptide can also be enhanced by NP presentation. The anti-metastatic activity of the iRGD peptide [70] is stronger when the peptide is on NPs than when it is used as soluble peptide [57] .
Tumor-penetrating peptides in pre-clinical treatment studies
A number of laboratories have used iRGD, and to a lesser extent LyP-1, in tumor treatment studies using either the coupled or coadministration modes. The drugs targeted with iRGD include conventional chemotherapeutics (doxorubicin, gemcitabine), tyrosine kinase inhibitors, anti-tumor antibodies, and nanoparticle drugs, and the Table 3 iRGD conjugates used in treatment studies.
Drug-peptide conjugates
Reference Peptide Drug Tumor model [10, 25] iRGD Nab-paclitaxel 22Rv1 human prostate cancer and BT474 human breast cancer xenografts [77] iRGD Paclitaxel in nanoparticles H22 murine liver cancer [78] iRGD Thymopentin fused to iRGD MCF7 human breast cancer xenograft [79] iRGD Doxorubicin in chitosan nanoparticles H22 murine liver cancer [80] iRGD Doxorubicin liposomes B16 mouse melanoma [81] iRGD Doxorubicin multilamellar liposomes 4T1 mouse mammary cancer [82] iRGD Paclitaxel nanoparticles C6 rat glioma [83] iRGD Oncolytic virus A549 human non-small cell lung carcinoma xenograft [84] iRGD Paclitaxel liposomes B16 mouse melanoma [85] iRGD Paclitaxel and surviving siRNA in nanoparticles A549 human non-small cell lung carcinoma xenograft [86] iRGD Doxorubicin-containing exosomes MDA-MB-231 human breast cancer xenograft [87] iRGD ATAP mitochondrial targeting peptide Du145 and PC3 human prostate cancer xenografts [27] iRGD Anti-EGFR BGC-823 human gastric adenocarcinoma xenograft [88] iRGD Nanomicelles containing salinomycin HepG2 human liver cancer xenograft [89] iRGD Microbubbles for ultrasound imaging 4T1 mouse mammary cancer [90] iRGD Liposomal doxorubicin B16 mouse melanoma [91] iRGD Paclitaxel nano-crystallite 4T1 mouse mammary cancer [92] iRGD Combrestatin A4 and doxorubicin in nanoparticles HeLa human cervical cancer [31] iRGD Sorafenib in porous silicon nanoparticles PC3-MM2 human prostate cancer xenograft [72] iRGD Cisplatin in naoparticles A549 human non-small cell lung carcinoma xenograft [26] iRGD Gemcitabine Pancreatic adenocarcinoma models [73] iRGD Gemcitabine A549 human non-small cell lung carcinoma xenograft [28] iRGD Doxorubicin, sorafenib HepG2 and Hu-7 human hepatocellular carcinoma xenografts [27] iRGD Doxorubicin BGC-823 human gastric adenocarcinoma xenograft [59] iRGD Intraperitoneal doxorubicin Lovo-6-luc-1 human colon cancer and MKN45P gastric cancer xenografts [74] iRGD Nanoparticles containing doxorubicin 4T1 mouse mammary cancer [18] iNGR Doxorubicin 4T1 mouse mammary cancer [75] tLyP-1 Paclitaxel nanoparticles C6 rat glioma [76] tLyp-1 Tumor targeted nanoparticles C6 rat glioma (intracranial) tumor models used range from subcutaneous and orthotopic tumors, both syngeneic transplantable and xenografts (Tables 1-3 ). The coadministration mode of using iRGD was initially met with skepticism, likely because the concept was novel and unprecedented. The Sugahara et al. [25] paper was selected as one of the studies to be reproduced in the Reproducibility Project [71] . Those results are not yet available. In the meantime, a number of papers have appeared that reproduce the original results (Table 2) . Moreover, the mechanism of the bystander effect the co-administration is based on, a form of fluid-phase endocytosis (macropinocytosis) triggered by peptide binding to NRP-1 [24] , is beginning to be understood (Section 3.1). In addition, a large number of papers have used iRGD to target coupled payloads to tumors through the same pathway (Table 3) . Akashi et al. [26] studied co-administration of gemcitabine with iRGD in various pancreatic cancer mouse models. They identified transplantable, cell line-derived xenograft models that over-expressed NRP-1, and showed significantly greater tumor growth reduction with the iRGD co-administration than with gemcitabine alone. They also concluded that tumors directly transplanted into mice from patients were not significantly sensitive to the iRGD therapy. This conclusion, however, does not entirely agree with their data, as one of the three tumors tested did show a significant effect from the iRGD co-administration, and the other two were so sensitive to gemcitabine alone that there was little room for improvement. Unfortunately, the treatment was not continued to see if a statistically significant difference would have developed. The real responsiveness of human tumors to the iRGDenhanced therapies can only be established in clinical trials, and work toward that goal is underway.
Conclusions and future prospects
Tumor-penetrating peptides are a class of tumor-homing peptides capable of delivering both covalently coupled and co-administered drug payloads deep into tumor tissue. As a result, the amount of drug delivered into the tumor, but not elsewhere in the body, increases, and the distribution of the drug within the tumor improves. The underlying mechanism is activation by the peptide of the CendR transport pathway, an endocytotic pathway resembling macropinocytosis that sweeps along any drug bound to the peptide or administered with it (bystander effect). Drug delivery employing tumor-penetrating peptides can solve a major problem in cancer chemotherapy, poor penetration of drugs into tumors, which limits therapeutic efficacy and creates conditions conducive to the development of drug resistance. The bystander effect also circumvents a problem that otherwise limit the efficacy of synaphic drug targeting, the low capacity of receptors in tumor tissue. Because the tumor-specific receptors are only used for CendR activation, not for capturing a drug-peptide conjugate, the capacity of the receptors is less of an issue. Further improvements will undoubtedly come from better understanding of the cell biology of the CendR system and from advancements in the design of the activating compounds Nonetheless, the first generation compounds, such as the iRGD and LyP-1 peptides are poised for studies enabling clinical trials.
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